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Mirosopi origin of exhange bias in ore/shell nanoparti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Òs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elona, Diagonal 647, 08028 Barelona, Spain
(Dated: September 16, 2018)
We report the results of Monte Carlo simulations with the aim to larify the mirosopi origin
of exhange bias in the magnetization hysteresis loops of a model of individual ore/shell nanopar-
tiles. Inrease of the exhange oupling aross the ore/shell interfae leads to an enhanement
of exhange bias and to an inreasing asymmetry between the two branhes of the loops whih is
due to dierent reversal mehanisms. A detailed study of the magneti order of the interfaial spins
shows ompelling evidene that the existene of a net magnetization due to unompensated spins at
the shell interfae is responsible for both phenomena and allows to quantify the loop shifts diretly
in terms of mirosopi parameters with striking agreement with the marosopi observed values.
PACS numbers: 75.60.-d,05.10.Ln,75.50.Tt,75.60.Jk
I. INTRODUCTION
Proximity between a ferromagneti (FM) and an an-
tiferromagneti (AFM) material leads to interesting ef-
fets that result from the strutural modiation and
ompetition of dierent magneti orderings at the in-
terfae between them. In partiular, the exhange ou-
pling at a FM/AFM interfae may indue unidiretional
anisotropy in the FM below the Neél temperature of
the AFM, ausing a shift in the hysteresis loop, a phe-
nomenon known as exhange bias (EB). Although the
rst observations of this phenomenon, dating bak ve
deades ago
1
, were reported on oxidized nanopartiles,
most of the subsequent studies have foused on layered
FM/AFM strutures
2,3
beause of their appliation in
advaned magneti devies
4
. However, in reent years,
the study of EB in nanopartiles and nanostrutures
5
has gained renewed interest sine it has been shown that
ontrol of the ore/shell interations or of the exhange
oupling between the partile surfae and the embed-
ding matrix an inrease the superparamagneti limit for
their use as magneti reording media
6
. Several exper-
iments on dierent nanopartile systems with oxidized
shells have studied the size
7,8
, temperature
9,10
and ool-
ing eld dependene of the EB eld
11
, as well as training
eets
12
. However, the interpretation of the results may
be hindered by olletive eets and interations with the
embedding matrix sine, up to date, no EB experiment
has been onduted on a single partile, whih would al-
low to onfront the results with the existing models.
Both nanopartiles and layered systems display om-
mon phenomenolgy, although in the later ase a wider
range of experimenal tehniques have been used, whih
have provided deeper knowledge on the mirosopi
mehanisms that are at the basis of the EB eet. Re-
ently, spetrosopi tehniques have provided insight
on the struture and magneti behavior of the inter-
fae spins at a mirosopi level, demonstrating the ru-
ial role played by unompensated interfaial spins on
EB
14
. Thus, knowledge of the magneti struture at
the interfae has beome a subjet of primary interest in
understanding EB. At dierene from layered systems,
the interfae of ore/shell nanopartiles naturally inor-
porates roughness and non-ompensation of the magne-
tization, two of the main ingredients for whih dier-
ent assumptions are adopted by the existing models for
EB in lms
15,16
. Some mirosopi models for bilay-
ers have undertaken alulations of EB elds under er-
tain assumptions
17,18
, numerial studies based on a mean
eld approah
19
or Monte Carlo (MC) simulations
20,21,22
making dierent assumptions about the interfae. How-
ever, only very reently, some works partially address-
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FIG. 1: (Color online) Hysteresis loops for a partile with ra-
diusR = 12 a obtained from a ZFC state and after FC down to
T = 0.1 in a eld hFC for JSh = −0.5JC and JInt = −(+)0.5JC
in the left (right) olumn. Panels (a) display the total nor-
malized magnetization omponent along the eld diretion.
Panels (b) show the average magnetization projetion of the
ore spins along the eld axis. Panels () show the normalized
ontributions of the shell spins at ore/shell interfae to the
total magnetization of the loop.
2ing the EB phenomenology in nanostrutures have been
published
23,24
. In this artile, we will show, through MC
simulations based on a simple model of one ore/shell
nanopartile, how some of the EB phenomenology to EB
is related to exhange oupling at the ore/shell inter-
fae. Moreover, the diret inspetion of the magneti
ongurations along the hysteresis loops will allow us to
provide a quantitative understanding of the marosopi
loop shifts in terms of mirosopi parameters.
II. MODEL
The nanopartiles onsidered have spherial shape
with total radius R = 12a (a is the unit ell size) and
are made of a FM ore surrounded by an AF shell of
onstant thikness RSh = 3a with magneti properties
dierent from the ore as well as from the spins at the
interfae between ore and shell spins. Taking a = 0.3
nm, suh a partile orresponds to typial real dimensions
R ≃ 4 nm and RSh ≃ 1 nm and ontains 5575 spins, of
whih 45 % are on the surfae.
The simulations are based on the following Hamilto-
nian:
H
kB
= −
∑
〈i,j〉
Jij ~Si · ~Sj −
∑
i
ki (S
z
i )
2 −
∑
i
~h · ~Si , (1)
where
~Si are lassial Heisenberg spins of unit magnitude
plaed at the nodes of a s lattie. The rst term is the
nearest-neighbour exhange energy, where the value of
the exhange onstants Jij depends on the spins belong-
ing to dierent partile regions. At the ore, Jij is FM
and will be xed to JC = +10 K. Spins at the shell have
AF oupling as orresponding to oxides; here a redued
value of the oupling at the shell with respet to the ore,
JSh = −0.5JC, has been set so that the Neél temperature
of the AF TN is lower than the Curie temperature of the
FM. Sine, in real samples, it is diult to aess mi-
rosopi information about the oupling at the interfae
spins [dened as those on the ore (shell) with at least
one neighbor on the shell(ore)℄, we have onsidered dif-
ferent values and signs for the exhange oupling at the
interfae, JInt.
The seond term aounts for the loal uniaxial
anisotropy along the z-axis. The anisotropy onstant
at the ore is xed to kC = 1 while the value at the
shell, kSh = 10, is enhaned with respet to kC due to
the redued oordination of the shell spins. Finally, the
last term desribes the Zeeman oupling to an external
eld H applied along the easy-axis diretion, whih in
redued units reads
~h = µ ~H/kB. To simulate the hys-
teresis loops, we use the MC method with a Metropolis
algorithm. As for the spin updates, we use a ombination
of the trial steps whih has proved useful for Heisenberg
with nite anisotropies as desribed elsewhere
25
. Our
protool to simulate exhange bias mimis the experi-
mental one: we rst ool the system from a high temper-
ature T0 > TN disordered phase in onstant steps down
to the measurement temperature T = 0.1 in the pres-
ene of a magneti eld hFC = 4 K applied along the
easy-axis diretion. Then, the hysteresis loop is reorded
using as starting onguration the one obtained after the
eld ooling (FC) proess. The loops are obtained by y-
ling the magneti eld from h = 4 K to h = −4 K in
steps δh = −0.1 K and the dierent quantites averaged
during 200 MC steps per spin at every eld.
III. RESULTS
Typial hysteresis loops are shown in Fig. 1 for two
values of the interfae oupling JInt/JC = −0.5,+0.5.
Compared to the loops obtained from a zero eld ooled
(ZFC) state, the loops obtained after FC are shifted to-
wards negative eld values and have slightly inreased
oerivity (see Figs. 1a), independenly of the sign of the
interfaial exhange oupling. In order to gain further
insight on the dierenes between both ases, we have
also omputed the eld dependene of the ontribution
of interfae spins belonging the shell, M IntSh , to the total
magnetization as displayed in the lowest panels of Fig. 1.
For negative (positive) interfae oupling, the interfaial
spins at the shell aquire a negative (positive) net mag-
netization after FC, in both ases higher than the one
attained after ZFC, although more pronouned for the
negative oupling ase. These observations reet that,
after the FC proess, a fration of the interfaial spins
(≈15 % of the interfae spins at the shell) have been
pinned along a diretion ompatible with the ore/shell
exhange interation, as orroborated also by the verti-
al shifts in the M Int
Sh
loops (to be ommented below).
This is no longer true for the ZFC ase, for whih a high
fration of interfaial spins follows the reversal of the FM
ore as reeted by the hange in sign of M IntSh along the
hysteresis loop.
Interesting enough, we have also notied an inreas-
ing asymmetry of the FC loops with inreasing values of
the interfae oupling, as it is apparent when ompar-
ing the desreasing and inreasing branhes of the loop
in the top panels Fig. 1a. The origin of this asymme-
try, is more learly understood by looking at the average
absolute value of the magnetization projetion along the
eld axis through the reversal proess, MCn =
∑
i |
~Si · zˆ|,
as depited in Fig. 1b for the ore spins. This quantity
presents peaks entered around the oerive elds that
indiate deviations of the ore magnetization from the
applied eld diretion. In the ZFC ase, the peaks are
entered at similar eld values and they are quite narrow
and almost symmetri around the minimum. However,
for the FC loops, apart for the obvious shift of the peak
positions, the dereasing branh peak is symmetri and
narrow while the inreasing branh one is deeper and
asymmetri, enlosing bigger area under the loop urve.
These observations also indiate that the loop asym-
metry reets dierent reversal mehanisms in both
branhes of the hysteresis loops. This an be orrobo-
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FIG. 2: (Color online) Snapshots of the spin ongurations of a midplane ross setion of the partile parallel to the z axis
taken at elds of the desending and asending branhes lose to the oerive elds (h
−
C , h
+
C) for the ase JInt = −0.5JC shown
in Fig. 1a.
rated by diret inspetion of the spin ongurations along
the loops, as presented in the main panel of Fig. 2 for
JInt = −0.5JC. As it is evidened by the sequene of
snapshots, the reversal proeeds by quasi uniform rota-
tion along the desending branh, while nuleation of
reversed domains at the interfae and their subsequent
propagation through the ore enter is basially the re-
versal proess along the asending branh. Similar asym-
metry between the loop branhes has been also observed
experimentally in bilayers
26,27,28
. A detailed inspetion
of the ongurations, also reveal the presene of spins
at ore/shell interfae aligned perpendiular to the eld
diretion for intermediate eld values (see for example
the snapshots for h = −2.8, 1.0 in Fig. 2). This obser-
vation orroborates the interpretation of reent results
of small-angle neutron sattering experiments on Fe ox-
idized nanopartiles in whih the anisotropy of the ob-
tained spetra was attributed to the existene of a net
magneti omponent aligned perpendiularly to the eld
diretion
29,30
.
The mirosopi origin for the dierent reversal meh-
anisms an be further laryed by looking at the behav-
ior of the interfae shell spins along the hysteresis loop
(see Fig. 1). While in the desending branh there is
a onsiderable amount of unpinned spins that are able
to reverse following the ore reversal, in the asending
branh, M Int
Sh
remains onstant (for JInt < 0), an india-
tion that spins at the shell interfae remain pinned, hin-
dering uniform rotation of the ore but ating as a seed
for the nuleation of reversed domains. The hanges in
the magneti order at the ore/shell interfae and the
presene of domain walls during reversal an be traed
by monitoring the value of the average sum of the pro-
jetion of the spin diretion into the diretion of the total
magnetization vetor along the hysteresis loops as
mp(h) =
1
N
N∑
i=1
~Si(h) · ~Mi(h) . (2)
This quantity should be lose to 1 if the magnetization
reversal proeeds by uniform rotation of the spins, sine
in this ase the spins remain parallel to the global magne-
tization diretion. Deviations of mp(h) from 1 indiate
the formation of non-uniform strutures during the re-
versal proess. An example of the eld variation of mp
omputed for all the spins in the partile and for the in-
terfaial spins is shown in Fig. 3, where we have plotted
separately the ontribution of the ore spins.
During the dereasing eld branh of the loop, mp re-
mains quite lose to 1 for the ore spins, exept for mod-
erate derease down to 0.7 for values of h lose to the
oerive eld at this branh, h−
C
. The sharpness and
symmetry of the peak around h−
C
onrms that the re-
versal proeeds by uniform rotation. In onstrast, during
the inreasing eld branh, an inreasing strong deviation
of mp from 1 starting from negative eld values an be
learly observed, reahing its maximum value also near
the oerive eld of the inreasing eld branh, h+
C
, where
mp ≃ 0. In this ase, the observed peak asymmetry is
indiative of the nuleation of the non-uniform domains
observed in the snapshots of Fig. 2. These domains are
formed at those points of the ore interfae with weaker
values of the loal exhange elds, as indiated by the
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FIG. 3: (Color online) (a) Shows the eld dependene of the
average spin projetion into the total magnetization diretion
mp (squares) and the ontribution of the ore spins (irles).
In (b), the ontribution of all the interfae spins (squares) has
been taken into aount, while the ontributions of ore and
shell spins at the interfae are shown in irles and triangles,
respetively.
more pronouned departure from 1 of mIntp (h) (see Fig.
3b), than those orresponding to the total magnetiza-
tion (see Fig. 3a). The variation of mIntp for interfae
shell spins during the dereasing branh indiates the ex-
istene of a fration of shell spins that reverse dragged
by the spins at the ore, while onstany of mp in the
asending branh is indiative of spins pinned during the
ore reversal.
Finally, we have also studied the variation of the oer-
ive eld and the EB eld [dened as hC = (h
+
C
− h−
C
)/2
and heb = (h
+
C
+ h−
C
)/2 respetively℄ with the interfae
exhange oupling JInt, presented in Fig. 4 for positive
and negative JInt values. For both JInt ≷ 0, the values
of hC and heb are very similar, and a derease in hC and
an inrease in heb is observed, with a nearly linear de-
pendene for values of |JInt| smaller than the exhange
oupling at the shell JSh = −0.5JC. With the inrease of
|JInt|, ore spins beome more oupled to the unpinned
shell spins, therefore failitating the magnetazation re-
versal with the subsequent derease in the oerivity. At
the same time, inreasing |JInt| while keeping the values
of JC, JSh and hFC onstant, results in higher loal ex-
hange elds reated by the unompensated spins at the
interfae, ausing an inrease of the loop shift. Let us no-
tie also that the values of the oerive and exhange bias
elds obtained are of the orret order of magnitude when
expressed in real units. For example, for JInt/JC = −0.5,
1.5
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FIG. 4: (Color online) Variation of the oerive eld hC and
the exhange bias eld heb with the exhange oupling on-
stant at the ore/shell interfae for JInt < 0 (open irles)
and JInt > 0 (open squares). The exhange bias elds om-
puted from Eq. 4 as desribed in the text are shown with
lled symbols for JInt < 0 (down triangles) and JInt > 0 (up
triangles).
we obtain HC ≈ 0.22 T and Heb ≈ 0.11 T, whih are in
agreement with typial values found in studies of oxidized
nanopartiles
6,7,8,9,10,11,12,13
.
The proportionality of heb to JInt should be taken as
a hint for the mirosopi origin of the loop shifts. As
we have mentioned in previous paragraphs, the observed
vertial displaements of the loop orresponding to the
interfae shell spins point to the existene of a net magne-
tization at the ore/shell interfae due to unompensated
pinned spins at the shell interfae
22
. If this is the ase,
the oerive elds after FC an be thought as the sum
of the ZFC oerive eld h0C and the loal eld ating on
the ore spins due to the net interfae magnetization of
the shell spins, so that they may be omputed as
h±
C
= h0C + JIntM
±
Int
(3)
and, therefore, the exhange bias eld an be written as
heb = JInt(M
+
Int
+M−
Int
)/2 , (4)
where M±
Int
=
∑
i∈{Int,Sh} ziS
z
i is the net magnetization
of the interfaial shell spins at the positive (negative) o-
erive elds h±
C
, and zi is the number of nearest neighbors
of spin i.
The last expression establishes a onnetion between
the marosopi loop shift and mirosopi quantities
that, although may not be diretly measured in an ex-
periment, an be omputed independently from the sim-
ulation results. The values of heb obtained by inserting
the M±
Int
values extrated from the Fig. 1 in Eq. 4 are
represented as lled symbols in Fig. 4, where we an see
that the agreement with the heb values taken from the
hysteresis loop shift is exellent within error bars.
5IV. CONCLUSIONS
In summary, we have presented simulations of a model
for onr ore/shell nanopartile that have revealed an
asymmetry in the hysteresis loop due to the dierent
magnetization reversal mehanisms in the two branhes.
This has been shown to be related to the exhange ou-
pling at the interfae JInt, independently of its sign and
of any assumption about the nature of the interfae re-
gion. The detailed analysis of the hanges in the mag-
neti order of the interfaial spins have also allowed us to
demonstrate that marosopi EB elds an be omputed
mirosopially from the knowledge of interfae magne-
tizations at the oerive elds.
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